1.. Introduction {#s1}
================

Sub-Saharan Africa\'s (SSA) population, 856 million in 2010, is projected to exceed two billion shortly after 2050. Close to 218 million people, roughly one in four, are currently undernourished, yet African governments spend between just 5% and 10% of their budgets on agriculture, well below the 20% average that Asian governments devoted to the agriculture sector during the Green revolution \[[@RSTB20120277C1]\]. While governments in Africa have made a commitment to spend 10% of their budget on agriculture to meet key targets on sustainable development and food and nutritional security, only a few have succeeded in doing so \[[@RSTB20120277C2]\].

The focus on how best to address food security issues has shifted over the past decade from one primarily concerned with achieving national food security to one focused on household food security \[[@RSTB20120277C3]\]. The challenge of how individual households will in the future sustainably access sufficient, safe and nutritious food to meet their dietary needs and food preferences, focuses attention on the dominant scale at which management decisions are made in developing countries. Individual decisions made by tens of millions of farmers determine the status and trends in productivity and ultimately the sustainability of agricultural systems. Progress towards sustainable solutions requires effective research and extension systems to be able to connect and work with often highly decentralized, isolated and semi-literate populations.

Besides small equipment, fertilizers, high-quality seeds and favourable markets, farmers also need access to new skills and knowledge that will allow them to better manage their resources. However, the past two decades have witnessed weakening support for public extension systems in developing countries in general, including West Africa \[[@RSTB20120277C4]\]. As formal extension systems in West Africa have declined, a mosaic of local and national stakeholders in many countries has emerged to fill some of the gaps. The specific mix of actors varies with the country, but generally includes non-governmental organizations (NGOs), farmer organizations and the much-reduced government extension services. Debate continues on how these services should be structured to maximize efficiencies with limited resources and what additional investments are likely to be cost-effective and sustainable \[[@RSTB20120277C3],[@RSTB20120277C5],[@RSTB20120277C6]\].

In this paper, we examine a case study from cotton production systems in Mali. The link between cotton and food security relates to income generation. Food security among small-scale and marginal farmers has been shown to be linked to increased farm incomes, resulting from progressive diversification of small farmers into high-value crops and by increased rural employment through the production and processing of more labour-intensive, high-value crops and value-added products \[[@RSTB20120277C3]\].

Cotton is the principal engine of economic development in rural southern Mali, generating benefits to farmers, rural communities, private traders, cotton companies and the national government \[[@RSTB20120277C7]\]. In Mali alone, almost four million farmers are engaged in cotton farming, accounting for between 50% and 75% of total export earnings for the country \[[@RSTB20120277C8]\]. However, with this economic development has come increasing environmental degradation, in large part owing to the chemical inputs such as pesticides, increased tillage and high nutrient demands of the crop \[[@RSTB20120277C9]\]. Evidence from studies in other areas and crops in the West African region shows that risks to human health and environment are inherent in the current use of certain hazardous pesticides by small farmers \[[@RSTB20120277C10]\], presenting a challenge to food security, human health and livelihoods.

Current extension approaches can be grouped into four categories: (i) linear or 'top-down' transfer of technology; (ii) participatory 'bottom-up' approaches; (iii) one-on-one advice or information exchange and (iv) formal, structured education and training \[[@RSTB20120277C11]\]. This paper examines the structure and results from the Mali programme in West Africa that uses a participatory- or community-based educational (CBE) approach called the farmer field school (FFS). We present the results of a case study from the cotton sector in Mali in which the use of hazardous insecticides was substantially reduced through a bottom-up approach. We present evidence that CBE investments were effective in substantially reducing use of hazardous pesticides, and show evidence for diffusion of new practices to other farmers.

(a). Farmer field schools: origins {#s1a}
----------------------------------

FFS were developed in the early 1990s in southeast Asia as an alternative to the 'top-down' extension methods used during the Green revolution. The FFS approach developed as a response to widespread outbreaks of the brown planthopper (BPH; *Nilaparvata lugens* Stal) in irrigated rice \[[@RSTB20120277C12]--[@RSTB20120277C14]\]. As part of the Green revolution, credit for farmers was linked to obligate purchases of inputs, including pesticides \[[@RSTB20120277C15]\]. Extension efforts associated with the Green revolution recommended farmers use calendar-based applications of broad-spectrum insecticides. This was despite the fact that researchers had known for some time that BPH outbreaks were triggered largely by the overuse of insecticides, eliminating beneficial arthropods (predators and parasitoids), and thereby causing an indirect effect known as pesticide-induced resurgence \[[@RSTB20120277C16]--[@RSTB20120277C19]\]. Tropical irrigated rice is especially rich in beneficial species \[[@RSTB20120277C20],[@RSTB20120277C21]\].

Other consequences of wide-scale use of pesticides have become apparent over time. The past 50 years have seen increasing evidence of insecticide resistance, in which insect pests become unresponsive to certain classes of pesticides as a result of evolutionary pressure and overuse \[[@RSTB20120277C22]\]. In Africa, studies raise the possibility that widespread use of insecticides in agricultural systems may be responsible for reduced efficacy of insecticide-impregnated bed nets used in malarial control programmes \[[@RSTB20120277C23]\].

Through simple field-cage experiments, observations and discussion, the first FFS, beginning in the 1990s, showed farmers the importance of beneficial arthropods in regulating pest populations. Other exercises demonstrated that rice plants are able to compensate for pest damage to a remarkable degree while in the tillering stage, without suffering yield loss. These two key concepts---existence and importance of beneficial insects, and ability of the plant to compensate for damage caused by pests---were the arguments used to encourage farmers to experiment with easing back on insecticide use on rice, to see for themselves whether they could reduce or eliminate hazardous insecticide use without loss of yield. Biological pest control is today considered an important 'ecosystem service' \[[@RSTB20120277C24],[@RSTB20120277C25]\], the global annual economic value of which has been estimated to be around US\$ 4.5 billion \[[@RSTB20120277C26]\].

The FFS has much in common in its approach with 'adaptive management'--- a school of thought developed by natural resource scientists and managers in North America who, confronted by not being able to successfully communicate important management messages to policy-makers and the general public, sought a new framework for effective communication and action \[[@RSTB20120277C27]--[@RSTB20120277C30]\]. Natural resource scientists, beginning in the 1980s, recognized the need to develop a common language in which the key ideas from science could be effectively used to engage a broad range of stakeholders to effectively guide collective decisions related to the management of commonly held natural resources. The ideas of adaptive management are central to important global policy guidelines on natural resource management, including the '12 Principles of the Ecosystem Approach' of the Convention on Biodiversity \[[@RSTB20120277C31]\]. However, adaptive management has been slower in finding an audience among institutions involved in agricultural development (but see \[[@RSTB20120277C1],[@RSTB20120277C32]--[@RSTB20120277C34]\]). The three key concepts of adaptive management underlie FFS programmes: (i) being evidence-based (experimentalist), (ii) focusing on the scale at which management decisions are actually made (place sensitive) and (iii) addressing issues at multiple scales, from local to international (multiscalar) \[[@RSTB20120277C27]\].

(b). The farmer field school programme in West Africa {#s1b}
-----------------------------------------------------

The FAO West African Regional Integrated Production and Pest Management Programme (IPPM), established in 2001, is currently active in seven countries in West Africa (Benin, Burkina Faso, Guinea, Mali, Mauritania, Niger and Senegal). The programme is based on an FFS approach, working with farming communities and other stakeholders to introduce farmer-based methods for field testing, adapting and adopting improved farming practices. To date, the FAO-IPPM programme has worked with approximately 160 000 farmers through season-long FFS.

An FFS aims to illustrate key concepts through simple experiments in order to develop practical knowledge, skills and improve individual and collective decision-making. The model of a typical FFS has been described in numerous publications \[[@RSTB20120277C12],[@RSTB20120277C35],[@RSTB20120277C36]\] and in [box 1](#RSTB20120277BX1){ref-type="boxed-text"}. An FFS is intended to be a field laboratory for learning in a low-risk setting for farmers. Inputs are provided by the programme and investment in time made by farmers---one-half day each week, for 12--16 weeks, depending on the crop---is their investment as opportunity cost.

###### Characteristics of a typical FFS.

1.  --- A group of 20--25 farmers, assisted by a project-trained facilitator, prepares two training plots of around 1000 m² total. The FFS group spends roughly one-half day per week setting up experiments, making observations and jointly managing the two plots, one using local, conventional farming methods and a second plot testing new practices appropriate to the crop and location.

2.  --- Exercises are explicitly designed to introduce topics in synchrony with the specific growth stages of the crop, over the course of a cropping season.

3.  --- Farmers are asked to summarize their observations with depicting the status of the observed plots, including plants, insects, water levels, weeds, etc. Drawings are an effort to engage less literate farmers.

4.  --- Additional 'special topics' are introduced over the course of the season to introduce or reinforce key concepts, e.g. demonstrations of pesticide toxicity, soil water-holding capacities, composting methods, etc.

5.  --- Exercises include agronomic techniques for planting, soil fertility management, and integrated pest management (IPM), varietal comparisons and marketing.

6.  --- At the end of the FFS season an 'open house day' is generally held in which other farmers from the community and from adjacent communities are invited, along with local government personnel and civil society to see presentations by FFS farmers and to discuss their outcomes from the season.

7.  --- The land used is either donated by the community, rented from a local farmer, or seeds, inputs and labour are provided and proceeds from harvest go to the land owner.

FFS programmes start in a new country by training staff from government extension agencies, non-governmental organizations (NGOs) and farmers from farmer organizations, as 'facilitators' to conduct field schools. Season-long training-of-facilitators (ToFs) combines training in non-formal education with practical training in a variety of agronomic topics. Training is split between field activities and classroom and, as with the FFS, follows closely the content and timing of a cropping season. In most programmes, a 'practice' FFS is associated with each ToF. A diversity of ToF training models has been developed to reduce time spent by participants and to minimize costs while still maintaining the season-long orientation of the training \[[@RSTB20120277C37]\].

Developing FFS for the first time in the country is almost always done by bringing experienced national training staff from other, preferably nearby countries, in which FFS programmes are already underway. This 'south--south' collaborative approach is intended to increase cost efficiency and to establish or reinforce regional networks. The first ToF in Africa (Ghana, 1996) used 'master trainers' from Vietnam and the Philippines.

Particular emphasis recently has been put on training farmers as facilitators, as they may offer the best avenue for developing a sustainable cadre of skilled workers in the community and at district levels. Training farmers as facilitators offers the possibility of scaling up FFS training that would otherwise be limited, if restricted to training only government agents. To date, approximately 66% of the more than 3200 facilitators trained in the seven countries were farmers, 17% of whom were women.

After the training season, FFS participants are encouraged to form groups and to continue activities in subsequent seasons. In Mali and other programme countries, post-FFS groups visit each other\'s fields on a periodic basis to discuss their practices and problems. The facilitator is present in his or her capacity as a technical resource person and to provide links to other technical resource persons at district or national scales.

(c). Strengths and weaknesses of the farmer field school approach {#s1c}
-----------------------------------------------------------------

The results from the early FFS programmes were sufficiently positive to encourage countries and donors to invest further in FFS programmes. Twenty years on, FFS projects have been undertaken in an estimated 90 countries, including 30 countries in sub-Saharan Africa \[[@RSTB20120277C38]\]. Farmer participatory approaches are rapidly gaining acceptance as effective and sustainable methods for developing more ecological crop and pest management strategies \[[@RSTB20120277C39]\].

In measuring impacts from extension efforts, programmes face numerous challenges, chief among them being complexity and scale. Highly decentralized efforts, involving large numbers of farmers managing relatively small plots of land, and influenced by a large number of social, economic and environmental factors usually require detailed and expensive efforts in survey and analysis \[[@RSTB20120277C4]\].

A variety of studies have shown FFS to have positive results in terms of increasing farm productivity, improving efficiencies in use of combined chemical and organic fertilizers and substantially reducing hazardous chemical pesticide use \[[@RSTB20120277C36],[@RSTB20120277C37],[@RSTB20120277C40]--[@RSTB20120277C43]\]. Benefits have been reported related to poverty reduction, improved community organization, farmer empowerment and collective action \[[@RSTB20120277C40],[@RSTB20120277C42],[@RSTB20120277C43]--[@RSTB20120277C45]\] and in overcoming farmer fears of risks from adopting new technologies \[[@RSTB20120277C43]\].

Communities that have been involved in FFS are seen as good entry points for 'farmer participatory research' (FPR) \[[@RSTB20120277C41],[@RSTB20120277C46]\] where researchers work closely with communities to study key problems. The limitation of FPR is the degree of investment of time by experts, yet these investments can result in close-knit researcher--farmer collaboration and yield important benefits to both farmers and the research and development communities \[[@RSTB20120277C47],[@RSTB20120277C48]\]. An important benefit includes graduating a growing cadre of researchers with strong farmer-collaborative skills and insights on social-science processes.

By contrast, Sherwood *et al.* \[[@RSTB20120277C49]\] described an example of attempted FPR in which researchers and politicians, not the farmers, ended up determining the priorities and activities. They conclude that without adequate social-science skills, researchers can unknowingly misuse the farmer--researcher bond. They document the failure to successfully scale up an FFS project in Ecuador. Once the project had finished, national institutes captured control and transformed the people-centred approach into an expert-led, technology-centred approach more in line with the previous 'top-down' paradigm ('elite capture'). They conclude that scaling up FFS programmes beyond a certain 'niche' level is inherently risky because it involves an increased concentration of resources and power that is attractive to institutional vested interests.

The concern for sustainability of FFS approaches after the end of projects is expressed by a number of authors \[[@RSTB20120277C3]--[@RSTB20120277C5],[@RSTB20120277C49],[@RSTB20120277C50]\]. We note that in Mali, during the second phase of the programme (2006--2011), some 30% of the operating budget derived from partner projects that joined together after the start of the FFS programme looking to benefit from the use of the established FFS administrative and technical structure. This may offer a clue to one way in which the issue of sustainability could be addressed---established FFS national units, embedded within national ministries that can act as service providers to a diversity of future projects who seek a well-established and functional infrastructure for working with farmers and communities. At the policy level, the FFS approach in Mali has been inscribed in the national agricultural investment strategy (PNISA) \[[@RSTB20120277C51]\], thereby becoming part of the national policy and open to future support by government budgets and by other donors.

Feder *et al.* \[[@RSTB20120277C50]\] in a review of the CBE literature also point to 'elite capture' (capture of the FFS process by the dominant social group in the community) as a major constraint. They go on to speculate that incentives for collective action within communities (e.g. to join a local farmers group for the purpose of group-based extension) may be strong, because participants expect to benefit directly from their participation. However, participation by farmers in collective actions outside their own communities may not be attractive without some additional incentive beyond that of social capital.

Ortiz *et al.* \[[@RSTB20120277C42]\] conclude that FFS participants can benefit from enhanced knowledge and higher productivity in addition to improved community organization. Extension organizations can benefit from experience with participatory methods by seeing examples of how recommendations can be adapted to local environmental conditions. The authors also consider that FFS offers an option for using scarce resources more efficiently.

Bentley *et al.* \[[@RSTB20120277C41]\] examined three different extension methods in the control of bacterial wilt (*Ralstonia solanacearum*) on potatoes in Bolivia. FFS were found to be most effective, but community workshops were found to be almost as effective as field schools for teaching most ideas. Radio spots were the least effective. The authors conclude that extension methods should be chosen based on the local context. The more complicated, tedious and counterintuitive the new technology, the more important it is to use an intensive extension method, such as FFS, and the less likely that a mass media approach will be successful.

However, more than just good technical content and participatory approaches are needed to enable successful outcomes. Any extension approach that fails to take into consideration local constraints or investigate priorities with farming communities can ultimately undermine farmers\' willingness to adopt new practices. By not involving farmers and other local stakeholders at the project developmental stages, project designers can impose predetermined choices that may not be appropriate for the diversity of farming contexts \[[@RSTB20120277C52]\].

Another common critique of FFS programmes is the cost to train farmers and facilitators compounded by an apparent lack of diffusion of knowledge and skills from trained to untrained farmers \[[@RSTB20120277C35],[@RSTB20120277C50],[@RSTB20120277C53]\]. We show in this paper an example in which diffusion of pest control practices apparently took place to a substantial degree.

(d). Managing risks from pesticides in West African agricultural systems {#s1d}
------------------------------------------------------------------------

Jepson *et al.* \[[@RSTB20120277C10]\] suggest that three categories of activities are needed in any country to manage risks from practices involving synthetic pesticides: (i) realistic policies for legislation and regulation of pesticides, backed by the political will needed to enforce proper management of pesticides throughout the entire pesticide 'life cycle' \[[@RSTB20120277C54]\], from import, packaging, labelling and sales, through to use and destruction of empty containers; (ii) development and deployment of cost-effective tools for monitoring and surveillance of farming practices and pesticide environmental concentrations to estimate pesticide risks to human and environmental health; and (iii) end-user education, in which farmers learn of the risks and benefits associated with various practices (risk communication) and are aided in developing alternative management approaches. We focus on this last point by highlighting a case study from Mali that examines the relationship between farmer training and pesticide risk reduction in cotton.

(e). Cotton in Mali {#s1e}
-------------------

The cotton sector in Mali has historically been managed by vertically integrated, state-supported cotton companies, with a guaranteed price and market for seed cotton, access to inputs and equipment on credit; with improved varieties developed by the cotton-supported regional research system \[[@RSTB20120277C7]\].

Cotton-growing households in Mali have traditionally been some of the most prosperous. The economy of Mali depends mainly on agriculture, and cotton is Mali\'s most important cash crop. Since 1980, cotton has accounted for 8--9% of gross domestic product (GDP), and from 50% to 75% of export earnings. The cotton sector uses around 3 796 000 farmers in more than 200 000 extended family households, covering an area of approximately 163 000 km \[[@RSTB20120277C8]\]. The cotton company registers individual cotton-growing 'households', which are most often an extended family unit that can be as many as 15 adult males.

The Malian textile company La Compagnie Malienne de Développement des Textiles (CMDT) was founded in 1975. The CMDT annually provides farmers access to inputs (fertilizers, seeds, pesticides and agricultural equipment) on credit. Inputs are provided prior to the season, and the cost of these inputs is recorded and later deducted from the payment to farmers at harvest. CMDT works closely with a farmer federation, the Union Nationale des Sociétés et Coopératives Producteurs de Coton du Mali. Cotton production under CMDT is highly structured, beginning with four major cotton-producing regions corresponding to CMDT subsidiaries (*filiales*), comprising a total of 41 sectors, divided into 288 communes and, at village level, 7177 Cotton Producer Cooperatives \[[@RSTB20120277C8]\].

The cotton sector in West Africa shows parallels with the production systems in Asia in that it has similarly been subject to top-down extension efforts that promoted calendar-based intensive applications of hazardous insecticides. As it was with Asian rice during the Green revolution, credit programmes for cotton farmers in many countries, notably Benin, Ivory Coast and Mali, obliged participating farmers to purchase certain types and quantities of pesticides \[[@RSTB20120277C15]\].

The IPPM/FFS programme began activities with the CMDT in 2003, training both technicians from the CMDT and select farmers from the communes in season-long ToF. To date, some 359 facilitators have been trained of which 127 are farmers (called 'farmer--facilitators' as distinct from 'technician--facilitator'). The farmer--facilitator was at that time a new actor in the established cotton extension hierarchy. Today, they do much of the FFS training and advise other farmers in the community. Farmer--facilitators are selected for training based on criteria including literacy, health, willingness and location. The 'technician--facilitators' act as technical focal points, providing technical and administrative support to the farmer--facilitators and links to the company administrative hierarchy as well as to the national research and extension services. With this structure, approximately 25 980 cotton farmers in Mali have been trained through FFS.

(f). Pesticide use in Malian cotton {#s1f}
-----------------------------------

Before the IPPM programme, three types of pest-control methods were proposed to cotton farmers: (i) calendar treatments, (ii) 'stage-specific treatment' or the *Lutte Etagée Ciblée* (LEC) and (iii) threshold sprays. The list of insecticides recommended over the years by the cotton company include a range of chemicals, all registered at the time by the regional authority for pesticides (The Sahelian Pesticide Committee) and authorized for use by the CMDT. The cost per hectare of insecticide treatments ranges from US\$ 8.93 for threshold treatments to US\$ 71.43 for calendar treatments ([table 1](#RSTB20120277TB1){ref-type="table"}). Table 1.Estimated costs per hectare associated with four different insecticide treatment regimes for cotton in the CMDT cotton-growing regions of Mali. LEC, *Lutte Etagée Ciblée* or 'stage-specific treatment'; IPPM Integrated Production and Pest Management; TS, threshold sprays; CT , calendar treatment. Source \[[@RSTB20120277C55]\].cost of pesticide use by practice (US\$ per hectare)treatment methodLECIPPMTSCT35.721.798.9371.43

Principle pests of cotton in the region include the bollworm complex (e.g. *Helicoverpa armigera*, *Earias biplaga*, *Earias insulana*, *Diparopsis watersi*); leaf-feeding species (e.g. *Syllepte derogate*); aphids (principally, *Aphis gossypii*); pod-sucking insects (*Dysdercus* spp.) and thrips (e.g*. Bemisia tabaci*) \[[@RSTB20120277C56]\].

The IPPM/FFS pest management recommendations are based on field scouting by farmers. If signs of eggs, larvae and damage are found, then farmers are encouraged to use biopesticides derived from plant extracts with low mammalian toxicity, the most widely available and popular being neem (*Azadirachta indica*). If a pest problem persists and is not responding to plant-extract treatments after three or four applications, then use of a synthetic insecticide with relatively low mammalian toxicity is recommended.

Neem is widely known for its complex array of insecticidal properties, including at least three modes of action: as an antifeedant, growth regulator and in disrupting digestive enzymes \[[@RSTB20120277C57]\]. The published literature shows a number of studies in which neem has been tested and shown effective against a variety of pests of cotton \[[@RSTB20120277C58]--[@RSTB20120277C60]\]. According to our observations and discussions, neem trees are widely but unevenly distributed throughout the region, and the demand for neem as an insecticide has increased to the point where farmers in Mali are beginning to purchase imported neem formulations from international sources. Communities in the cotton sectors of Mali have begun to organize to plant more neem trees.

Some 10 different formulations of extracts from locally available plants have been devised by the IPPM/FFS farmers in Mali. These have not been systematically tested for efficacy or potential risks, but should be. In contrast to neem, some plant extracts are ineffective as insecticides and others are effective, but have high mammalian toxicity (e.g. tobacco). Work needs to be done to ensure that farmers do not unintentionally develop inefficacious or hazardous alternatives.

2.. Methods {#s2}
===========

(a). Study sites {#s2a}
----------------

We report on changes in pesticide use in cotton from two of the 41 sectors: the sector of Bla, located approximately 250 km east of the capital of Bamako (12°57′0″ N 5°45′0″ W), and the sector of Bougouni, located 170 km south of Bamako (11°25′0″ N 7°29′0″ W). To date, in Bla, a total of 36 farmer--facilitators have attended ToF training and are active in the field. These farmer--facilitators work across all 56 villages in the six communes of the sector. Approximately, 1461 farmers have attended FFS, out of a total of 4324 cotton households in the sector---a coverage of 34%, assuming one trained FFS farmer per household.

The sector of Bougouni was selected for comparison as it was one of the few sectors in which FFS training had not yet begun during the time period of the study. However, being located 170 km to the south, Bougouni has higher and more consistent rainfall patterns (around 1000--1100 mm) compared with the sector of Bla (800--900 mm). The sector of Bla is on the very northern ecological border of where cotton can reasonably be grown, whereas the sector of Bougouni is in a highly favourable ecological zone for producing cotton. The difference in rainfall regimes between treatment and control sectors is an acknowledged weakness of this study.

(b). Data gathering {#s2b}
-------------------

This study was based on a simple gathering of data from the cotton company historical records. The cotton company (CMDT) maintains records at sector-level facilities, which gather information from multiple communes. Cotton cooperatives exist in almost every village and are responsible for gathering data from the households in their village (e.g. how many hectares of cotton the household plans to plant the following season) and communicating this information to the sector. The sector-level office records seasonal distributions of inputs, provided on credit, to individual households, and acts as point of sale for the cotton harvest at the end of the season, at which time farmers are required to pay back their loans. Records are kept on yield, price paid for cotton at harvest and the amounts and cost of inputs provided, including fertilizer and insecticides.

Prior to each season, the cotton company estimates the number of hectares of cotton that will likely be under cultivation based on farmer cooperative estimates. The quantity of pesticide needed by farmers is calculated as the number of hectares anticipated to be under cultivation multiplied by the recommended number of litres of insecticide. The volume rate recommended by the cotton company is 1 l ha^−1^, four times per season for Bla and six times per season for Bougouni. The difference in rainfall may be responsible for greater pest pressures, real or perceived; hence, the recommended higher treatment volumes.

Company records from commune offices from 2003 to 2010 allowed a calculation of farmers\' willingness to purchase the insecticides provided for sale by the cotton company. From the difference of what was available and recommended for purchase, and what was actually purchased by the households, we calculated the simple metric 'per cent of recommended pesticides purchased'. Because the company data are aggregated at the commune level, the independent unit of analysis is average pesticide purchased per hectare, per commune. There were six communes in Bla and four communes in Bougouni. Data for all 4324 households in Bla were recorded for analysis. In Bougouni, a sample of 800 farmers was taken from the company records (every tenth record).

In our analysis, we focus on two recorded measures: pesticide purchases and yields over time. The data are aggregated at the commune level, so the unit of analysis is a commune (56 villages comprise six communes in Bla, and 27 villages comprise four communes in Bougouni).

(c). Statistics {#s2c}
---------------

We used a linear mixed-effects model \[[@RSTB20120277C61]\] in order to investigate the relationship between farmer training and pesticide use over time (repeated measures) for the two sectors of Bla (treatment) and Bougouni (control). The metric 'per cent of recommended pesticides purchased' was the dependent variable. The measurement unit 'commune' was set as a random effects, independent variable, with 'year' and 'sector' (equivalent to 'trained farmers' versus 'untrained farmers') considered fixed independent variables. We fit the same model a second time, comparing farmer training and yields over time.

Visual inspection of residuals plotted against fitted values showed no patterns, fulfilling the requirement of homogeneous residuals.

3.. Results {#s3}
===========

(a). Pesticides and yields {#s3a}
--------------------------

Between 2003 and 2010, pesticide use in the sector of Bla fell by 92.5% for all six communes, with 1461 (34%) of the 4324 of the cotton-farming households in the sector having received training in IPM through FFS by 2010. In the sector of Bougouni, where no FFS training had taken place, pesticide use was unchanged over the same period ([figure 1](#RSTB20120277F1){ref-type="fig"}). Figure 1.Percentage of pesticides purchased. Unit of measure is the total amount of pesticide purchased by farmers divided by the total volume of pesticide made available by the cotton company for that commune: a total of six communes of the sector of Bla and four communes of the control sector of Bougouni. Projections for pesticide volumes to be provided to farmers for sale by the cotton company are based on total surface area anticipated to be under cotton production for the coming season, multiplied by the number of litres of insecticide recommended per hectare (4 l ha^−1^ for Bla and 6 l ha^−1^ for Bougouni). Significant differences exist between means for the two sectors, *p* \< 0.05, for all years except 2003 and 2004. (Online version in colour.)

Plotting the per cent of recommended pesticides purchased, against the per cent of households trained in FFS, shows a steep decline in pesticide purchase that strongly suggests a high correlation with the per cent of households in the commune trained ([figure 2](#RSTB20120277F2){ref-type="fig"}). Only the first 2 years, 2003 and 2004, showed no significant differences in pesticide purchased between the two sectors. Figure 2.Percentage of pesticides purchased by percentage households trained in FFS. Percentage of pesticides purchased by farmers by percentage of cotton households in commune trained in FFS for the six communes of the sector of Bla. The curvilinear relationship indicates possible diffusion of practices from FFS-trained to non-trained farmers in the six communes. (Online version in colour.)

Cotton yields in the region show high variability over time ([figure 3](#RSTB20120277F3){ref-type="fig"}) \[[@RSTB20120277C62]\], more so for the sector of Bla. We attribute this to the decreased average rainfall and increasing rainfall variability as you move north towards the Sahara desert. There is no apparent shift in yield patterns for the sector of Bla, which might be expected if the shift in pesticide use was to the detriment of the crop. Except for 2007, the period of time between 2004 and 2010 shows no difference in average yields between the two sectors. Figure 3.Cotton yields by year. Cotton yields in the cotton sector of Bla vary substantially year-to-year, compared with Bougouni, most likely due to variability in rainfall. There are no apparent trends in yields over time.

(b). Economic costs and benefits {#s3b}
--------------------------------

The median value of insecticides spent by farmers, as the percentage of gross revenue (value of harvest) over the 8 year period, was 2.7% for the sector of Bla and 14.2% for the control sector of Bougouni. Starting with the 2003 pesticide use figures as a baseline (100%), cotton farmers in the Bla sector saved approximately 47 000 l of synthetic insecticide, worth in the order of US \$ 470 000. Farmers in Bla spent an estimated US \$ 84 000 on neem treatments at an average cost of US \$ 1.8 per treatment and assuming an equal number of treatments to those farmers in Bougouni. The shift from synthetic to biopesticides by the farmers in Bla, therefore, translates into a saving of approximately US\$ 386 000 over the 8-year period.

At the national level, the average cost for an FFS in Mali is approximately US\$ 600, or US\$ 24 per farmer. The total cost to train the 1461 farmers in Bla was around US\$ 35 000. A much more conservative estimate of the cost to train one farmer is to calculate an average cost based on all programme costs divided by the total number of farmers trained by the programme, which is approximately US\$ 84 per farmer. With this estimate, the total cost of training all farmers trained in Bla is approximately US\$ 122 724. In either case, the cost to train farmers in FFS was compensated by the total pesticide costs savings, even in the more conservative case by a factor of 3 to 1.

(c). Economic and non-economic benefits {#s3c}
---------------------------------------

We estimated a benefit to farmers of around US\$ 386 000 from savings in pesticide costs. However, to assess the larger scope of non-economic benefits is more challenging. The benefits to the environment and human health from not applying the recommended additional 47 000 l of hazardous insecticides are easy to imagine but difficult to measure. To this end, the programme has been working in collaboration with Oregon State University\'s Integrated Plant Protection Center and other partners in the region, to build capacity for analysis of pesticides in the environment \[[@RSTB20120277C63]\]. Related work with Oregon State University has involved adaptation of cutting-edge models to estimate probable impacts of pesticide use on a broad range of biotic and human health indicators. The data emerging from other production systems in the project countries strongly suggest that there are substantial risks posed to human health and key environmental indicators from current pesticide-use practices in the region \[[@RSTB20120277C10]\]. This work was supported under a project focused on the Senegal and Niger River basins, and has not yet been undertaken for the cotton areas.

4.. Discussion {#s4}
==============

(a). Adoption of new practices through farmer-to-farmer diffusion {#s4a}
-----------------------------------------------------------------

In the FFS-trained sector of Bla, the correlation between FFS training and pesticide purchases shows a steeper drop than expected had the correlation between farmers trained and pesticides purchased been strictly linear. These data suggest that diffusion---where practices adopted by farmers as a result of training are also adopted by other farmers in the community---is likely to be taking place to a significant extent.

Diffusion would of course be a highly desirable outcome for any FFS effort if new practices are to be scaled up to reach large numbers of farmers in the shortest possible time. But, this poses something of a paradox: if FFS activities over the course of a season are needed to advance farmer understanding to a point where farmers feel confident to take the risk of not following previous recommendations, then what motivates other farmers to follow suit, who have not undergone season-long FFS training?

The question of diffusion in FFS has been a subject of discussion in the literature \[[@RSTB20120277C4],[@RSTB20120277C35],[@RSTB20120277C36],[@RSTB20120277C41],[@RSTB20120277C49],[@RSTB20120277C64],[@RSTB20120277C65]\]. Diffusion is considered by some authors to be a prerequisite for any CBE effort to be considered a cost-effective approach \[[@RSTB20120277C66]\]. Witt *et al.* \[[@RSTB20120277C67]\], looking at data from a 2006 external review of the first phase West African IPPM/FFS programme, calculated that diffusion was not evident at that time and suggested that small numbers of farmers, widely dispersed over large geographical areas, represented an insufficient 'critical mass' of farmers in any one location to induce change beyond the participants themselves. One recommendation by the evaluators, besides training more farmers, was to begin to strategically cluster FFS to take advantage of building local networks of trained farmers among nearby communities.

We speculate that there are several reasons why this cotton sector in Mali might be witnessing diffusion in the adoption of new practices aimed at reducing hazardous pesticide use: (i) *A high proportion of cotton-farming households having undertaken FFS training*. Likely the most important factor, the percentage of farmers trained in the sector was quite high at 34%; however, the shape of the relationship suggests that the reduction in use was attained after approximately 20% of the households had received training ([figure 2](#RSTB20120277F2){ref-type="fig"}). It will be important to see whether similar patterns emerge elsewhere, in locations where FFS training attains similar proportions of a local population.(ii) *A simple technology*. The technology is relatively simple to formulate with locally available materials, and the concepts remain largely familiar (scout for presence of pests at an early stage of the crop, and apply biopesticides if found).(iii) *Lower costs*. Cotton is a high-value cash crop for which significant resources have historically been expended by farmers for purchase of pesticides. IPPM treatment costs per hectare compared with other treatment methods ranged from 2% compared with cost per hectare of calendar treatments, to approximately 20% compared with the estimated cost per hectare of threshold treatment methods. This does not include time spent preparing the formulations for locally prepared biopesticides ([table 1](#RSTB20120277TB1){ref-type="table"}).(iv) *Low mammalian toxicity and high efficacy*. Studies undertaken elsewhere to look at the efficacy of neem in controlling cotton pests show good efficacy and duration of effects in the field \[[@RSTB20120277C58]--[@RSTB20120277C60]\]. This programme has not undertaken such studies, so can only look at what the farmers say and the data. Speaking with local farmers in Bla, project staff are told that neem performs well and that it is rare that they encounter a situation where they are obliged to use a synthetic insecticide. In terms of yield, despite the high spatial and temporal variability, the data show no apparent reductions in yield.(v) *Increased social capital*. In 2010, the farmer--facilitators in Bla organized and took on an additional role as field scouts to evaluate the status of pest populations in their communities and adjacent communities. Their goal was to carry out periodic transect surveys at critical times during the cotton season; at the same time speaking with farmers along their route, who scout their own fields and have observations to contribute. From this, pest status reports are transmitted on local rural radio. In order to carry out these tasks, the facilitator scouts were motivated to secure a microcredit loan from a local bank to purchase motorcycles and fuel. The loan was agreed to be reimbursed by the contributions of cotton farmers in the sector through the cotton cooperatives. This represents a positive step towards independence of the FFS farmer facilitators and a measurable indicator of group initiative and community support and cohesion above the village level.(vi) *Rural communications*. Over the past 5 years, 25 sessions related to FFS issues and outcomes in cotton were aired on rural radio, the majority in local languages. National television is frequently present for FFS 'open houses' and several 10--15 min films have been produced on the FFS programme in a variety of cropping systems. We support the idea from other authors who have recommended that FFS projects need to develop an integrated approach that includes video, rural radio and other mass communication methods \[[@RSTB20120277C6],[@RSTB20120277C65]\].

Taken as a whole, the factors listed offer a compelling argument, supported by the data, to suggest that, with time, diffusion of the adoption of improved pest-control methods from FFS to non-FFS farmers can take place. Further work needs to be done with the assistance of sociologists, economists and agronomists, to examine this and other case studies more closely.

(b). Impact analyses {#s4b}
--------------------

The number of impact studies examining outcomes from FFS and other CBE efforts are increasing over time and good case studies can be found in the literature \[[@RSTB20120277C40],[@RSTB20120277C41],[@RSTB20120277C44],[@RSTB20120277C67]--[@RSTB20120277C69]\], as well as cogent and informative critiques at a meta level \[[@RSTB20120277C3]--[@RSTB20120277C5],[@RSTB20120277C35],[@RSTB20120277C50]\].

A common weakness of FFS projects is that data do not allow the definition of good counterfactual scenarios, because no control area was available or only insufficient baseline data existed \[[@RSTB20120277C68]\]. The data in our study, provided by the cotton company, were a fortuitous and unusual opportunity to access data, from over an 8-year period, which did not require a large investment in time or resources and did not depend upon farmer recall. These data look only at two factors: pesticide purchases and yields. While we feel the study, within its limited scope, is compelling, we recognize the study itself does not substitute for a more formal and in-depth impact study as it does not, for example, provide an analysis of social, economic and environmental changes owing to FFS training.

In-depth impact assessments can be costly and technically demanding. Stronger partnerships between research organizations and development agencies can help develop the human technical capacities needed. The current, long-term partnership on the IPPM/FFS programme with Oregon State University has resulted in socioeconomic and environmental monitoring methods, reported elsewhere in this issue \[[@RSTB20120277C10],[@RSTB20120277C63]\], being built into the design of current and future FFS projects to enable tracking and measurement of outcomes.

Projects need to conduct high-quality baseline studies, built in from the beginning and using at least a minimal set of social, economic, agronomic and environmental measurable indicators that provide suitable metrics of practices, production, costs and benefits, but also measures of important changes in key social and environmental factors. Recognizing that the most informative measures of outcome will likely only be able to be determined after the end of a project, these data should be put into the public domain in some form of open-source database for use by others in the future. Such a database is currently under construction by the Oregon State University/FAO programme.

Building better baseline surveys and follow-up impact studies into FFS programmes will require that donors are fully on board and agree to provide requisite support for thorough efforts at gathering, managing and analysing data; followed by appropriate synthesis and recapitulation back to the participating communities. The successful scaling up of high-quality, community-based approaches cannot be based on small-scale, short-term projects, but needs to be conceived of on decadal and regional scales.

5.. Conclusion {#s5}
==============

The data from Mali show a marked reduction over an 8 year period in the use of hazardous insecticides by more than 4324 cotton-growing households. With roughly 20% of these households involved progressively over time in FFS training, hazardous insecticide use fell by 92.5% for all cotton-growing households in the sector. By contrast, pesticide use was unchanged over time in the sector with no farmer training taking place.

FFS activities help advance farmer understanding in a low-risk, peer-group setting. The process of adaptation and adoption begin when farmers feel confident to take the risks of experimenting with and evaluating new methods in their own fields. We conjecture that diffusion of improved pest-management practices from FFS to non-FFS farmers may likely have occurred, when a low-cost, simple technology, providing lower health risks and demonstrated economic benefits was successfully used by an increasing and substantial proportion of farmers in the sector.

Historically, centralized 'top-down' extension systems did not meet the challenges of agriculture in developing countries. They were expensive and cumbersome, and therefore were not sustainable and did not persist. However, the alternative of being 'participatory' is no guarantee of success. The literature suggests that weaknesses in extension efforts, including FFS projects, most often result from project designs not closely involving stakeholders from the beginning, and not taking into account local constraints and priorities.

The complexity and scope of the challenges of agricultural extension are enormous. We believe that an adaptive management approach is the best way forward. Failed efforts are bound to occur. The key to enable sustainable progress is to build reflective processes at all scales to enable learning and adaptation from mistakes and successes. Building better baseline surveys and impact studies into FFS programmes will help provide more useful measures of progress and quality. Increased partnerships between national and international universities, NGOs, research organizations and development organizations can aid greatly in this effort by providing the new ideas, skills and human resources needed.

Agricultural extension in developing countries can no longer be usefully looked at as a centralized, monolithic infrastructure. Rather, farmer extension is better seen as a process that involves a diverse mix of actors, beginning with the human resources and infrastructure a district, country or region has at hand. The role of an FFS programme is not to substitute for the extension systems of the past, but rather to facilitate partnerships among the diverse and active mix of actors at all levels in order to collectively develop a dynamic and interconnected extension community, beginning with farmers and building extension from the bottom up.
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[^1]: One contribution of 16 to a Discussion Meeting Issue '[Achieving food and environmental security: new approaches to close the gap](http://rstb.royalsocietypublishing.org/content/369/1639.toc)'.
